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SYMBOLS

alreraft

lateral cyelic pitch, deg, rad

blade 11ft curve slope

longitudinal cyclic pitch, deg, rad

blade chord, m

flapping hinge offset, m

blade moment of inertia about flanping hinge, kg-—m2
feedforward gains

feedback gain vector for longitudinal ryclic control
feedback gain vector for lateral cyclic control
feedback gain vector for collective control

feedback gain vector for directional control

roll damping, sec”!

augmented roll damping, sec™!

rolling moment due to pitch rate, sec™!

unaugmented rolling moment due to lateral stick, rad/sec?/cm
augmented roll moment due to lateral stick, rad/sec?/em
pitching moment due to roll rate, sec™!

pitch damping, sec™!

augmented pitch damping, sec™!

pitching moment due to collective input, rad/sec?/cm

unaugmented pitching moment due to longitudinal stick input,
rad/sec?/cm

augmented gitching moment due to longitudinal stick input,
rad/sec?/cm

yaw damping, sec™!
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N§o yawing moment due to collective imput, rad/sec?/cm
Nap yawing moment due to pedal, vad/ascc?/cm
P alreraft roll rate, rad/sec
q alrervaft piteh rate, rad/see
R rotor radius, m ﬁ
r alreraft yaw rate, rad/socc ;
] Laplace transform variabloe
T transposition of a vector
U, v, w components of airspeed along the afrcraft body axes, x, y, z,

respectively
v true airspeed, m/sec ‘
X airceraft state vector, x A (uy w, q, 0; v, p, ¢, r)T
Zy vertical damping, sec™! l
280 vertical sensitivity, m/sec?/cm
% Lock number, 4 pacR“/IB E
A incremental value %
84 later..l control displacement, cm |
Gap lateral stick deflection, cm
Gc collective control displacement, cm
6cp collective stick deflection, cm
Se longitudinal ceatrol displacement, cm
6ep longitudinal stick deflection, cm f
Sp pedal deflection, em :
€ e/R i
g damping ratio ”
0 aircraft pitch attitude, deg, rad
kg flapping hinge restraint, m-N/rad |
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atr denaity, kg/md
washont time constonts
alrevaft voll attitude, deg, rad

rotor-aystem angular veloelty, rad/see

undamped natural frequency, rvad/see
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A FTLOTED SIMULATOR STUDY OF AUGMENTATION SYSTEMS TO IMPROVE

HELTCOPTER PLYING QUALTTIES TN TERRAIN FiLLCNT

Robert T, N, Chen, Peter D. Talbot, Ronald M. Cerden, and Daniel €0 Doy

Awes Research Conter
SUMMARY

A piloted slmalation study assessed varlous Levels of stabflity and con
trol augmentation designed to dimprove the flying qualfttes in terralfn b
uf geveral helicopters. Four basic single-rotor helicopters, oue teetecing,
one articulated, and two hingeless, which were found to have a varlety ol
major deltelencies in a previous fixed-based stwulator study, were scelectoed as
haseline configurations. The stability and control augmentatlon svstems
(SCAS) include simple control augmentation systems (CAS) to decouple piteh and
vaw responges due to collective Input and to quicken the piieoh and roll can-
trol responsges; SCAS of rate-command type designed to optimize the sensitivitiv
and damping and to decouple the pitch~roll due to alrcraft angular rate:; ond
attitude-command type SCAS. Pilot ratings aund commentary are presented ag
well as performance data related to the task., SCAS control usages and theiv
gain levels associated with specific rotor types are also discussed.

INTRODUCTTION

A research program in progress at Ames Research Centcr socks Lo provide o
data base for hellcopter flying qualities and control system desipgn criteria,
In a previously reported part of the program (ref. 1), the cffects of large
variotions of important rotor system design parameters on [lying qualiticn nnd
agility in terrain-following flight were investigated. The destyn param ters
that were varied were flapping-hinge offset, flapping-hinge restraint, blade
Lock number, and pitch~flap coupling. Over 40 helicopter confipurations were
investipated, of which few were found to have satisfectory handling qualitics
for the terrain-following task.

To extend the data base, further experiments have been conducted Lo syo-
tematically investigate the use of stability and control augmentation syotems
(SCAS) of several levels of sophistication to improve terrain-flying chavac-
terfstics for the configurations with deficiencies ifdentified in rvefercuee 1.
Four helicopters were selected from the previous study as configurations that
cexemplified the deficlencies in flying qualities of their types and which lend
themselves to evaluation of the SCAS concepts of interest., The helicoptor
confipurations consisted of one teetering rotor with a high blade fnertiay on
articulated rotory and two hingeless rotors with different offective hinge
oflset and Lock number. Specific deficiencles associated with cach rotor (vpe
were (1) low control sensitivity and damping and excessive vaw due to

1




collective for the teetering rotor; (2) strong pitch-roll coupling and high
roll control Rensitivity for the articulatoed rotor; (3) oxcossive piteh due to
collective Input for the hingeless rotor with low blade inertia and large
hinge offget; and (4) low piteh and roll nensltivity for the hingeleas rotor
with high blade inertia and moderate hinge offaot, Stabllity and control
augmentation aystems having several levels of sophiatication were then dofined
for those four basie configurations for piloted evaluation,

The 8CAS that wore investigated conaiated of two main groups, The firat
Rroup, called decoupling and rate-command type SCAS, dealt diractly with the
speeific deficiencices associated with the four alreraft, They include control
response decoupling In pitch and yaw duc to colleetive input; improved stabil-
ity and control responscs in pitch, roll, and yaw; and eliminating coupling
between piteh and roll axeas due to aircraft angular rate. The second group
conaisted of more sophisticated SCAS that required attitude feedback, This
group of SCAS was expressly studied to determine the extent to which pitch and
roll attitude command control could improve agility in terrain flight,

There were four specific objectives for the investigation: (1) to deter-
mine the extent to which flying qualities can be improved, (2) to determine
whether there exists a preferred typc of SCAS for the task, (3) to assess the
SCAS gain levels required to achieve satisfactory flying qualities, and (4) to
determine the SCAS control usage for determination of SCAS actuator authority
requirements and other implementation considerations.

sses the specific SCAS design objectives and design pro-
cedure, the SCAS configurations for pilloted evaluation, the simulation experi-

ment, the subjective pilot data and objective performance data acquired, and
the results of the experiment,

AUGMENTATION SYSTEMS

As mentioned earlier, the design objectives of the first SCAS group were
to eliminate or to overcome the various deficiencies in flying qualities
exemplified by the four basic helicopters selected from the previous simula-
tion study (ref. 1). As shown in table 1, those deficiencies ranged from
inadequate damping and sensitivity in pitch and roll axes for the teetering
rotor helicopter with a high blade inertia to the excessive pitch coupling due
to collective input for a hingeless rotor helicopter. The concept of the

first SCAS group designed to overcome the observed deficiencies is described
in the following.

Decoupling Pitch and Yaw Responses Due to Collective Input

Increased control power obtained through hinge offsot or a stiffened
flapping hinge produces a coupling in pitch moment due to collective input
that can reach undeairable lovels, For example, the pitching moment due to
collective input for a hingeless rotor helicopter ig shown in table 2 and is
indicated to inerecase with alrspeed. Thig pitching moment wag climinated by
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cross~feeding the collective input to the longitudinal cyclic, The control
croas-feed gain, ﬁe/ﬁcp, required to decouple the pitching moment, is shown in

figure 1, A straight line approximation for acheduling this cross-feoed gain
with the airapeed was found to be adequate, 8imilar schedules were used for
other atudy alrevaft,

The yawing moment due to collective input existed in all the study heli-
coptors (nee tables 2-4), The magnitude of the coupling moment s shown in
table 2 as an example of the hingeless rotor helicopter, HI, The control
crops~feed from the colleetive input to the dircetional control required to
decouple the yawing moment for this alreraft in depieted In flgure 1, The
cross=food galn, SD/SCP, 18 a nonlinear functlon of airspeed, the shape of

which 18 aimilar to the familiar requived power curve. This cross-feed control
law and the control cross~feed from the collective foput to the lonpitudinal
cyclic deseribed carlier were designed to decouple only the inftial anpular
accelerations In yaw and pitceh due to collective loput. To achicve a perfect
decoupling In the pitch and yaw responses due to volleetlve input requires
feedback of alreraft state variables as well as the control cross-feod. It

was found, however, that using only the cross-feed centrol laws deseribod

above virtually eliminated the undesirable coupled responses.

A comparison of the angular rate responses of the augmented and unaug-
mented aircraft to a step-collective input at 60 knots is shown in figure 1(bh).
The strong pitch and yaw couplings for the basic hingeless rotor helicopter
have been substantially reduced by the cross-feed control laws in figure 1(a).
Note that the SCAS control laws included an augmentation in yaw damping in
addition to the pitch and yaw decoupling functions. This was provided by

feeding back yaw rate to the directional control, 8pe This function will be
further discussed later in the paper.

Decoupling Pitch and Roll Due to Aircraft Angular Rate

The articulated rotor helicopter selected for this study had excessive
pitch-roll coupling due to aircraft angular rate (see table 1), Table 3 shows
these coupling derivatives, Lgq and Mp, along with other derivatives of inter-
est as functions of airspeed %or the basic articulated rotor helicopter. The
control law used to achieve a pitch-roll decoupling (i.e., Ly = My = 0) was to
feed the pitch rate to lateral cyclic and roll rate to longitudinal cyclic
control. The feedback gains, §,/q and 8o/p, arc shown in figure 2. Since
these gains vary little with airspeed, constant gains based on the nominal
airspeed of 60 knots were used in the simulation experiment.

Augmentations to Improve Control Responses in Piteh and Roll Axes

The sensitivity and damping in pitch and roll axes were augmented for
both che tectering rotor helicopter and the articulated rotor helicopters.
The sensitivity and damping for the two agumented aircraft ave shown in
table 5. TFor the articulated rotor, the objective was to achieve the levels
of sensitivity and damping in pitch and roll equivalent to thosce of the
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hingelesn rotor helicopter, For the teetering rotor helicopter, the augmented
senaitivity and damping were set lowar than for the articulated votor to limit
the feedforward and feedback gains somewhat, A comparison of the gain levels
at 60 knots for the two aireraft to achleve their respective design goals 1
also shown in table 5, Note that the gain lavels are moderate for the articu-
lated rotor, but are rather high for the teetering rotor, eapecially in piteh
axis, The variation of these gains with the alrapeed 1s shown in figure 3 for
the teetering rotor helicopter and in figure 4 for the articulated roto, heli-
copter.  Since they do not change significantly with airspeed, a set of fixed
gains based on the nominal airapood of 60 knots was used in the simulation
cxperiment, A comparison of the responsc of the augmented and the unaugmented
articulatod rotor helicopter at 60 knots to a atep dnput in the longitudinal
atick 1s shown in figure 4. Note that the gtrong roll coupling of the basiec |
alreraft has been drastically reduced by the augmentation system. Also, the
poor pitch response of the basic afveraft has been significantly improved by
the rate command type SCAS.

An alternative serics of augmentation systems was designed for the teeter-
ing rotor helicopter to improve control responses in pitch and roll through
use of control quickening., The design was performed using the roll axis as an
example by employing a control law of the form (see fig. 6)

K.8 !
8,(8) = Ky + m—z-; GaP(S) (1)

which is a proportional plus a high-pass (or "washout") filter. For short- :
term response, assume that the roll rate to lateral control can be represented
by the roll mode alone, that is, ‘
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With the quickener (1), the roll rate to the lateral stick transfer function
then becomes

Ks
8 + L |
GBP To 8 + 1/‘1’2 8 - LP
If Kjg, Ky, and 1, are chosen such that |
V
% L ) !




L e L L B g
o N {1 N i B
A LA Sk i i U AR A s aatiins etk - |
roT RN TR Y ST T T !

than (3) becomen

K, L,

P f
T e |t (5)

Thua, In reaponse teo the lateral atick input, the effective roll tlme conatant,
in a short-torm banla, 1n  1,, Uailng the dosign ohjective far the teetoring
rotor hellcoptor an shown 1in' tablo 3y the parametors for tho roll quickoner
were: 1, = 0,2, K, s 2, and Ky = 0.3, A almilar procodure wan uaed for the
design of the quickenor for the pitceh control,

Augmentatlon to Improve Control Responses In Yaw and Vertlenl Axes

The four study helicopters had almost identical sensitivity and damping
characteristics In the yaw and vertical axes. The yaw damping of the basic
alreraft was deemed somewhat low (at 60 knots, Np = = 1,2 sec™!); therefore it
was slightly augmented (to Ny = 1,6 gec™1) by feeding back yaw rate to the

directional control Gp. For the piloted cvaluation purposes, the vertical
damping and vertical control sensitivity were augmented for some test config-
urations to a level twice that of the basic aircraft.

Attitude-Command SCAS

The first group of SCAS was relatively simple in its implementation,
requiring simple feedbacks and cross-feed that need only rate instrumentation.
Experiments were also conducted with a more sophisticated group of SCAS that
require attitude instrumentation. This ScAs concept was applied to all three
types of helicopters to achieve the same objectives of control and response
decoupling as explored for the rate-command systems and in addition an attitude
command feature in response to the pilot's pitch and roll control inputs,

The design objcctives for the attitude SCAS are shown in tables 6 and 7
for the articulated rotor helicopter and the teetering rotor helicopter,
respectively, For the hingeless rotor helicopter, design goals similar to
those of table 6 were used; as a result, positive rate feedback, rather than
the normal negative feedback, was necessary for both pitch and roll because of
high inherent damping of the hingeless rotor.

The gain levels required to achieve the design objectives in pitch and
roll axes are shown in table 8 for the articulated and teetering rotor heli-
copters, Note that the gain levels for the teetering rotor, because of the
low control sensitivity, were several times higher than those of the articu-
lated rotor. Figure 5 shows an example of the effect of attitude~command
system (Al5) on the response of the basic articulated rotor helicevter to a
step input in longitudinal stick., Note that the rate~type response of the
basic aircraft has been converted to an attitude-response system. Tt 48 inter-
esting to note that the strong coupling in the roll response of the bagic
aircraft has been decoupled substantially with the employment of attitude
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atabilization; the decoupling control law for the pitch and roll due to alr-
craft angular rate as discussed earlier in the paper was not employed in these
attitude~command aystoms,

The eigenvalues of the linearized airevaft dynamles of basle articulated
rotor helicoptor and the augmonted alreraft with the AlS attitude~command
avatem are ahown in table 9. For comparison purposea, the elgonvaluen are
alao shown for the simpler ayatem employing decoupling and vatoe command. Note
that the unstable phugeid mode of the banie alveraft has been ntabilized hy
hoth augmentation ayatemn, Table 10 piven o complete linting of the SCAS con=
{iguratlons that were cvaluated in the piloted asimulation experiment. Flguroe 6
phowa a general block diapgram of the simulation mechanization of the aupmenta-
tion ayatems discunssed In this seetlion. The forward loop integrators in piteh
and roll axea, shown in figure 6, were included for the asmrassment of rate-
command=attitude hold ayvetems, which were not cvaluated in the present study.

SIMULATION EXPERIMENT

Simulator and Cockpit Instruments

The simulator used in this experiment was the Ames Flight Simulator for
Advanced Alrcraft (FSAA) (fig. 7). A detailed description of this six-degree-
of-freedom, moving base simulator is given in reference 2. The pilot was
provided with pedals, ‘cyclic stick and collective controls, and a basic set of
flight instruments (shown in fiz. 8) including a barometric altimeter, rate-
of-climb, attitude-director indicator, airspeed, and engine torque indicator.
The visual scene was presented through the cab window on a color TV monitor
with a collimating lens, The total field of view encompassed 36° vertically
and 48° horizontally.

The collective stick was provided with some friction but with no force
yradient., The force-feel characteristics of the cyclic stick and pedals were
provided by an electro-hydraulic unit with adjustable breakout, static gra-
dient, and viscous damping. The gradients and control travels are shown in
table 11. The viscous damping level was adjusted to give a well-damped
response to control displacements that was judged representative of production
helicopters with which the pilots were familiar. The cyclic and pedal forces
could be retrimmed, using a switch on the control panel, to zero for any con-
trol position. The pilots were permitted to fly the task with the control
force gradient removed if they desired to do so.

Helicopter Model

The basic mathematical model used to describe the helicopter in this
experiment was the same nine-degree-of-freedom model (i.c., three-degree-of-
freedom tip-path-plane dynamics and six-degrec-of-freedom rigid body dynamics),
used in the previous study (ref, 1), The specific features of the mathemati-
cal model are that the main rotor explicitly includes the tip-path-plane
dynamics and several major rotor system design parameters, such as

6




AR Y m———— —""

flapping-hinge restralnt, flapping-hinge offaet,
flap eoupling, Appropriate combinations of thege
Atudy to be made of the flying
rotor aystoma,

blade Lock numher, and plteh-
parameters permlt cxploratory :
qualities of holicopters with a wide variety of

For the present study, a peneral form of atahility and control augmentn-
tion Ayatem wan Ineorporated into the flight-control avatom (g, 06) to aecom-

modate the 8CAS configurationn of Intereat as deneribed 1n the previong
aection,

Tank Dencription

To glve the pilots a ropoatahlo
of tarrain flight, an obstacle courno
the generation of the vlsual acence,

tank to porform that wan repronentativoe

waa devised on the torraln model unod In '
A photograph of the tervain model Ia ‘
shown an flgure 9, The course consisted of o gorion of frregularly upaced j
barriers with model trees arrangoed down the centerline,  The spacing of the

10-m-high barricrs v ricd between 140 and 280 m, Trees, approsimately 15 m :
high, with the same spacing intervals as the barriers but shifted in phase
relative to them, were placed so as to form a slalom course within the hurdles,
as shown In figure i0. The pilots woere given instructions to fly "oy low as
possible and ag faut ag possible" through the course, banking alternately left
and right around the trees and dropping down between the barricrs, The task
started with an initial condition of 60-knot trimmed level flight approxi-

mately 35 m above ground level. Minimum vertical obstacle clesrance was

limited to 5,1 m by a device designed to protect the television camera opties
from inadvertent impact with the model terrain,

Each pilot was allowed a limited number of rung with a standard confipura-
tion at the beginning of his simulation test period in order to allow him to
become reaccuitomed to the simulator and task.

T Tt o e

Evaluation Pilotg

T,

Three pilots participated in the experiment,
experience in V/STOL and con

time. Pilot B had flo
more than 2000 hr in h
preliminary evaluation

Pilot A had extensive test
over 800 hr of helicopter
icopters, and Pilot C had
ce in combat and in Army

elicopters, including experien
of prototype helicopters,

T el e Pt

Data Acquisition

(1) subjective pilot ratings and
verbal comments recorded at the conclusion of cach runy (2) post-run summaries

on variables and control system usage
ysis,

The pilots were asked to glve a numerical Cooper-Harper rating (ref, 3)
lmnediately upon completion of the task

» and then to amplify the numerical :
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vrating with specific comments directed to deficiencies in flying qualities,
such as coupling, control power, or lack of coordination, and to give subjec-
tive Impressions of motion cues and performance, such as apeed and altitude
through the course,

The posat-run summarien provided a quick-look capability for assessing mean
valuen and atondard dovlations of a limited number of variables, such ar helpht
through the ecourne, normal and lateral aceeloration, control poaltionn, and
aldeallp angle,

For subsequent analynin, time hiatorien of 37 variablen were recovded 1n
the form of digitnl data on magnotie tape nampled at 46-mace 1nteorvalu,  Thone
varlablen ineluded body attituden, angular and linear raton and aceelerat tons,
{1ight-puth coordinates, pllot control pooitions, and SCAS actuator positionn
and rates,  Theoo data enabled objeetive porformance comparicons betwoeen pliotn
and conflgurationn to be made on the basin of time to complete the course and
maan altdtude through the course,

RESULTS OF THE EXPERIMENT

The results of the piloted simulation experiment were summarized in pilot
ratings and commentary as well as in performance data related to the expoeria-
ment task, namely, the time to complete the course and mean height above the
ground.

To relate the present moving base simulation on the FSAA to the ptrevious
fixed-base simulation on another Ames simulator, the example unaugmented helie
copters were first evaluated on the PSAA with and without motion. The results
for the four basic helicopters of interest are shown in figure 11, The ratings
of the two pilots who had flown both simulators, Pilots A and B, arc generally
consistent; for each of them the discrepancy in pilot ratings obtained in two
experiments for the four basic helicopters was no more than one rating point.

Table 12 summarizes the complete pilot rating data for the experiment
from the three evaluation pilots. 1In the following paragraphs, data arc
examined to assess the cffects of (1) decoupling the pitch and yaw responses
due to collective inputj (2) augmentations using rate~command type SCAS and
attitude-command type SCAS; and (3) control quickening for teetering rotor

helicopters. An assessment was also made of the effect of the rotor type on
SCAS authorities.

Effeet of Decoupling Pitch and Yaw due to Collective Input

As would be anticipated, the experimantal results show that the control
augmentation systems designed to decouple the pitch and yaw responses due to
collective input improved flying qualities. Figure 12 shows an exampic of the
flying quality improvement for a series of decoupling CAS for a hingeless
rotor helicopter. It can be seen from this figure that an incrcase in
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pitehing moment due to collective Input in excess of that of the basic alrcraft
degraded flying qualitics; improvement was achleved by eliminating the coupling
in pitehing moment due to collective input, Further Improvement wan made by
decoupling both the pitching and yawing moments due to collective input,

Algo shown in the figure are the time to complete the course and the mean
height above the ground for the correaponding CAS configurations, There was a
trend toward decreasing the time necassary to complete the eourse an nlreraft
flying quallties tmproved; however, tho mean height above the ground showed a
sllght revorse trond for this series of augmentatlion ayatems,

Tt should be noted that unless indicated othorwlise, the rosults shown in
flgure 12 and In the flgurcs that follow are the combined data from ovaluation
Pilots A, B, and C. The brackets encompass the extroeme values, and the dot
indicates the mean value of the data.

Rate-Command SCAS

As noted in previous discussions, the rate~command SCAS were designed
with several functional objectives. Those objectives included the primary
function of improving the sensitivity and damping in pitch and roll; decoupling
yaw and/or pitch due to collective input; and decoupling the pitch-roll due to
alrcraft angular rata, The results of the evaluation experirent showed that
this type of SCAS significantly improved the terrain-flying agility over
otherwise unacceptable bhasic helicopters,

Figure 13 ghows examples of the results for this type of augmentation
system for an articulated rotor helicopter. On the far left in figure 13 isg
the basic aircraft, Slight improvement was achieved with an augmentation to
decouple the pitch-roll due to aircraft angular rate (i,e., Lq = Mp = 0);
further substantial improvement in pilot rating was made by increasing the
level of augmentation to optimize the gensitivity and damping in pitch and
roll; and finally, more improvement was made by further usc of control augmen-
tation to decouple the yaw due to collective input.

The time to complete the course for thig series of augmentation systems
again showed some correlation with the pilot rating data; but the mean height
above the ground did not indicate a discernible trend,

Attitude-Command Augmentation

The experimental results for the attitude-command augmentation systems
also showed a substantial improvement in terrain-flying agility over otherwige

unacceptable helicopters (e.g., the articulated rotor helicopter and the
teetering rotor helicopter),

Figure 14 shows examples of the results for a serles of attitude SCAS
(see table 6) for the articulated rotor helicopter, Ag might be expected, the
sensitivity in aireraft attitude change per unit stick defleetion in pltch and
roll axes as well ag the variations in bandwidth had significant effect on the

9
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handling qualitios, Only a few comhinatlons of these parametors were evaluated

during this oxperiment, Porhaps further fmprovements can be made by optimizing
these parametors,

Again, the mean helght above the pround showed no detfInitive (rend, hut
there was pood correlation between the time to complote the course and pllot
ratlog data for this series of augmentat lon systoems,

Lt ta dntoresting to compare directly the results of the att | tude-command
augmentat fon systems with those of rato~conmand systoms,  Vigure 15 shows a
comparison of Improvements made by these two sevies of augmontat fon systoems
for Pllot A, Some major commonts that Piloé A made for these augmentation
syatems are also shown In table 13, Pllots A, B, and ¢ Jdid not indfcatoe a
clear=cut preference for either type of augmentat fon,

Control Quickening for Teotering Rotor Helicoptor

A series of control augmentation systems, deslgned to quicken the piteh
and roll response characteristics of the teetering retor helicopter with Yigh
blade fnertia, was evaluated., No significant improvements were found for this
series of augmentat fon,

Figure 15 shows a comparison for Pilot A of this serfes of control aug-
mentation systems with rate~command and attitude-command augmentation systoms
for the tectering rotor helicopter studied., Significant Improvements were
found for both the rate- and attitude-command gystems in contra t to tho
control-quickening augmentat ion systoems,

Effect of the Rotor Type on SCAS Control Authorities

One of the maln objectives of this study 1s to assess the control usage
by the stability and control augmentation systems.  The SCAS control usage
provides a basis for determining the amount of control authority to be allo-
cated to the SCAS. It therefore has immediate effect on the safety and
redundancy design of the SCAS.

Data pertaining to the control usage by the pilot, SCAS, and the total
pilot SCAS in completing a run through the course have been recorded and ana-
lyzed to obtain their extreme values ay well as mean and rms values. Flg-
urcs 16-18 show, for Pilots A, B, and €, respectively, the control usage {or

the piteh and roll axes for five augmented atirceraft with good hand1ing
qualitios,

To provide a basis for comparison, the control usage obtained from the
three basic helicopteors (e shown in flgure 19 for Pllots A, B, and €. 1In
flgure 19, the dots indfcate the mean values of control usage, expressed o
terms of the percentape of the total cockpit control displacement Limtts, and
the brackets indicate the extreme values,  Because the control gearings {rom
the control stick to the swashplate are different for the three types of
helicopters (shown in tables 2-4), It may be desirable to express the control
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usage in terms of awashplate displacement, Figures 20-22 show the piteh and
roll control usage, expreased in terms of swashplate displacement, for
Pilots A, B, and C, reapectively, for the five augmented aircraft describod
earlier. Flgures 23-25 show the corresponding control usape expressed in
terms of the rms of the awashplate displacement,

The SCAS control usage for the hingeless rotor and articulated rotor
helfcopters was well within the total control authority for all the evaluation
pilota, For the tcetering rotor helicopter, the SCAS and the total pllot SCAS
control usage wore excessive, expecially in the pitch axis. When interpreting
these data, it should be recognized that during the experiment the pllot con-
trol usage was llmited to the 100% valuc while the SCAS and the total control
usages were deliberatcly unlimited to permit assessment of the total control
requirements.

CONCLUDING REMARKS

The piloted simulator investigation on the moving base Flight Simulator
for Advanced Aircraft of stability and control augmentation systems to improve
terrain-flying agility has led to the following conclusions:

1. Decoupling the yaw response due to collective input significantly
improved flying qualities for terrain following

2. Decoupling the pitch response due to collective input improved flying
qualities for hingeless rotor helicopters

3. Both rate~command type SCAS and attitude-command type SCAS made sub-
stantial improvements in terrain-flying agility over otherwise unacceptable
helicopters; no evidence was found for a clear-cut preference for either type
of augmentation for the task flown

4. The SCAS control usage and gain levels were moderate for hingeless

rotor and articulated rotor helicopters, but they were excessive for teetering
rotor helicopters
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TABLE 1,- BASIC HELICOPTERS FOR AUGMENTATION S8TUDY

Experiment
configuration

Rotor wystem parametors

Teotering rotor helilcopter

-— ,‘,HJ_- B S A

Major handLing qunliry ~
dofictoncton

Loeck number

St e . o

Hinge restraint Kg/Tgn? = 0,03

Yy = 3 Control sennltivity too ey in
piteh, rolly damping (n piteh,
Hinge offucet t [\ roll too low; excossive yvaw
. coupling due to collecetive
Hinge restraint KB/IHQ‘ e () input
Articulated rotor helicopter
A Lock number Y=9 Strong pitch-roll coupling due
to aircraft angular rate; roll
Hinge offset € = 0.05 | control sensitivity too high
Hinge restraint KB/IBQQ = 0
Hingeless rotor helicopter
H1 Lock number Yy =9 Excessive pitch coupling due
to collective input
Hinge offset £ = 0,14
Hinge restraint Kg/10% = 0,03
H2 Lock number Y =3 Control sensitivity too low
in both pitch and roll
Hinge offset €= 0,10

13

i e




R IRt LR ME AEC TG CES A LYt RS G LR EEAC AT S e MR L

TARLE 2.~ STABILITY DERIVATIVES OF BASIC HINGELESS

ROTOR HELIGOPTER, HI1

Airspeed, knots

Derivative Unit 0 T 40 | 60 1 80 100
Pitch
Mg 1/8ec T=2.70 | ~2.92 [ -3.00 | -3.08|-3.17
Mp 1/8scc .76 .70 .69 .69 71
Ms o rad/sec?/cm®| .33 34 .34 .35 .37
Mso rad/sec®/cm | .002 .09 14 .19 .24
Roll
Lp 1/sec ~9.66 |~10.23 {-10.23 |-10.17 | -9.78
L 1/sec -2,79 | =2.55 | -2.48 | -2.42|-2.37
Lsa rad/sec?/em | 1.19 | 1.18 | 1,18 | 1.17 | 1.17
Yaw
N, 1/sec -0.60 | -1.33 | -1.20 | -1.25] -1.33
Nap rad/sec?/em | .40 .38 .31 .35 .37
Nyo rad/sec?/em | .19 .13 .06 .04 .038
Heave
w 1/sec -0.21 | -0.50 | ~0.67 | -0.76 | -0.81
Zge ft/sec?/em |=3.70 | =3.77 | =3.96 | -4.17 | -4.40
%ote: Pitch and roll control gearings from the stick to

swashplate are 0.49 and 0.48 deg/cm, respectively.
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TABLE 3.~ STABILITY DERIVATIVES OF BASIC ARTICULATED ROTOR

HELICOPTER
Berivative Unit 0] 40A4ffpezg. ﬁnotgo r**loo
Pitch

MJ_ 1/sce =0,56 | ~0,68 [~0,73 | -0,77 | -0.81
M, 1/8ec 39 | 38 .37 .37 .37 |
My, rad/sce?/en?| 17 .17 .18 .18 .19 ;
Mﬁc rad/sec?/cm | 0 024 .04 .05 .06 ;
Roll ;
L, 1/sec ~2.52 | ~2,94 [-3.00 | -3.01 | -2.86 ] '
1/sec -1.92 1-1.84 |-1.78 | -1.72 | -1.67 |
Ly, rad/sec?/em | .71 | .71 71 71 V71 1
Yaw |

N, 1/sec =0.60 [~1.33 [-1,20 | -1.25 | -1.33
Nso rad/sec®/em | .40 | .39 .32 .33 .37 ]
Ndc rad/sec?/cem .19 .13 .06 .05 ; .047 ‘j
Heave %
Zyy 1/sec =0.21 | -0.51 [-0.68 | -0.76 | -0.81 .
Zy., ft/sec?/em [-3.70 [-3.76 |-3.93 | —4.13 -4.35 |
|

i
Wote: Pitch and roll control gearings from stick to 1
swashplate are 0,96 and V.81 deg/cm, respectively,
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TABLE 4,- STABILITY DERIVATIVES OF BASIC TEETFRING ROTOR

HELICOPTER
Alrapeed, knots
Derivative Unit 0 ‘ I 40 60 80 l 100
Piteh
"Mq 1/mcc ~0.38 +0.59 [ -0.67 | ~0,71 | <0.73
Mp 1/6‘@(3 022 021 '21 02] 0?0
5o rad/sec?/em®|  ,035| .035| .o035( o35 . o03s
My rad/sec®/cm L0004 002 .007 011 014
V Roll
Lp 1/896 "'10 79 "2066 "’2085 "'2090 -2080
Lq 1/8&0 ‘-1006 "'1006 "097 -087 -076
Lg, rad/sec?/cm .15 .15 .15 .16 .16
Yaw
Ny 1/sec -0.60 | ~1.34 | -1.21 | -1.26 | ~1.34
N rad/sec?/cm .40 .39 .32 .35 .37
p
N rad/sec?/cm .19 14 .06 .05 .05
Sc
Heave
Zeg 1/sec =0.21 | -0,51 | -0.67 | -0.76 | -0.81
Zs. ft/sec?/em |-3.70 | -3.76 | -3.92 | -4.11 -4,32
aNote: Pitch and roll control

swashplate are 0.52 and 0.43 deg/c
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TABLE 6.- ATTITUDE SCAS FOR ARTICULATED ROTOR HELICOPTER

1te
ppprostmate Longtudtant |, MU
ynamiea dynamice
Exp :
confipguration| 0 4
J’n' L SOP ’ Nnt r 6ﬂp ’
d/aec Ao B rad/acc fe B
ra deg/em deg/em
All 2.5 1 2,24 2.5 1 4,53
Al3 2.0 1 2.24 2.0 1 7.87
AlS 2.0 1 3.94 2.0 1 7.87
Yaw: rate~augmented, collective to yaw decoupled.

TABLE 7.~ ATTITUDE SCAS FOR TEETERING ROTOR HEL1COPTER

Approximate
Approximate longitudinal lateral-directional
dynamics
dynamics
Exp
configuration 0
Wy s L E_e_ ’ wn’ L ‘6%‘ ’
rad/sec Ple.s. rad/sec P's.a.
deg/cm deg/cm
T1l 2.5 1 2.24 2.5 1 4,53
T12 2.5 1 1.14 2.5 1 4,53
T13 1.9 0.9 1.93 1.8 1.2 4.49
T14 1.9 .9 1.93 1.8 1.2 6.69
T15 1.9 .9 1.93 1.8 1.2 8.90
Yaw: rate-augmented, collective to yaw decoupled,
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TABLE 8,~ COMPARISON OF CAIN LEVELS FOR ATTITUDE SCAS AT 60 RNOTS

]
_ - e %
F Gains ;
Augmented aireraft = -—F' ***”‘;‘ 1
dynamica ‘ X Teetering | Articulatoc !
Parameter (111) (AL1)
Plteh axin
wy = 2.5 rad/see S§a/A6 (em/rad) 142,31 30,79
(deg/deg) (1.28) (0,51)
Los 1 de/q (em/rad/scc) 99,90 19,89
(deg/dog/soc) (0.90) (0. 41)
- @ 2,24 deg/em | So/so (em/em) 6.74 1.38
GUP p
3.8,
Roll axis
Wp = 2.5 rad/sec Sa/b¢ (em/rad) 40,49 8.69
(deg/deg) (0.31) (0.12)
;=1 da/p (em/rad/sec) 13.74 2.69
(deg/dueg/sec) (0.10) (0.04)
L = 4.53 deg/cm | 6a/8a, (cm/cm) 3.19 0.69
dp p
8.8, J

TABLE 9,- EIGENVALUES OF AUGMENTED AND UNAUGMENTED ARTICULATED ROTOR
AIRCRAFT AT 60 KNOTS

Basic aircraft Rate command Attitude command .
(AlD) (B37) (A15) i
0.003 + J 0.285 -0.003 + § 0,088 -1,278 + 3 0.509 1

(g = -0.009; Wy = 0.285) | (¢ = 0.037; Wp = 0.089)]| (¢ = 0.929; Wy = 1,376)
‘ (0.790; 1.084) (0.461; 1.804) (0.429; 1.823) :
1
~0.028 ~0.012 -0.046 3

-2.701 -2.829 ~0.625
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TABLE 11,- HELTCOPTER CONTROL TRAVELS AND FORC)E
GRADTENTS

I N i A
N Teavel, Rrvakout, tradiong,
tontrol cm N N/em
apprarimite
Colleeriva 25,4 .o 0
Poedatln R, 26 A, 49 4,50
lomgltudinal eyelie | 115,24 hohh RN R ‘
latteral evel e | P1h, 04 hobh .75 i
y
!
!
i
A
|
)
21 1




RREL G A £ ™y ¥ R2
TABLE 12,- SUMMARY QOF PILOT RATING
Experimental Pilot rating Experimental Pilot vatin
configuration | Pilet A B c configuration | Pilat A BlcC
T 6,5/7,5¢7 | 7/8F | 6/6F T
Q41 6 7 7 Til 7 ho |7
Q51 6 ) 7 T12 6/5 G
Q0h2 5 7 e 13 it 6 6
053 6 7 2 T14 4 5 )
Q61 6 7 A . 4(3,5) /41 6 2
B51 6 8 6 i mee R
RH2 7 7 -
HER) 5(4.5) ! 2
BO1 5(4.5) l; 2
B71 4(3.5) 7 2
A 7 6/7/1¢ | 7/4/3F A
B1i2 6 6 5 All 5 6 4
B33 4 5 3 Al3 4;3/3 5/5( 3
B34 4 § o Al5 3/3 5 3
B35 4 7/6¥F ——
B36 3 5 -~
B37 3 4/5/4v | 3
Hl 4(5) 6/5 5
H13 7 7 6
H11 3 5/6 4
B11l 3/3 4 3
H2 6.5/7/7.5%| 7/7/8¥ | 9 H2 7 7 9
B87 6/6F 8 5/4¥ uce - -9
uo3 - —-=| 8
uos 7/6F 8 8
aFixed base,
22
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TABLE 13,~ HANDLING QUALITIES IMPROVEMENTS
FOR AN ARTICULATED ROTOR HELICOPTER, PTLOT A

WITH TWO SERIES oF AUGMENTATIONS

[ Experimontal

e et

pitch from Al3

response in pitch better

[Pilot |
conflguration Control ayatem improvement g Major comments rating
A Baale alreraft (noe table 1 [ Piteh-roll coupling; pitch, | 6,5
for deficiencies) and roll reaponses too
__J *_J sonniltiva
Decoupling and rate-command SCAS
W””Tﬁé‘m‘*ﬁffﬁé’ﬁ}&?i coupling oldmi~""] PLEch=roll eoupl (ng bertar 16T
nataod, lq=M, = 0 damping in pitch and roll
Yaw damping ilncreascd too low
B33 B32 plus pitch and roll Improved pitch and roll, 4
responses improved but st111 needed work
B34 B33 plus improved vertical | Good configuration, but 4
response motion is not responsive
enough
B35 B34 plus pitch coupling due | Pitch response is very sat- | 4
to collective eliminated isfactory; Mse = 0 was
noticed, but did not help
much
B36 B35 plus yaw due to col- Quite good; piteh, roll 3
lective eliminated dynamics could 8till be
improved some
B37 B36 without improved Collective response was 3
vertical response slower; decoupling was not
really noticeable
Attitude-command SCAS
All Provided attitude-command Stiff in roll and pitch; 5
system in pitch and roll lack of response in roll
(wy = 2.5; moderate
sensitivity)
Al3 Reduced Wy to 2,0 in Roll better; agility better; 3
pitch and roll increased response in pitch
Increased sensitivity in and roll; want to lighten
roll stick force gradient
Al5 Increased sensitivity in Very agile; increased 3

23
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SCAS TYPE
em/rps em/em
2, P DECOUPLING - COLLECTIVE TO PITCH AND YAW
RATE AUG - YAW
o LW
‘“iw ] c‘,
“i ,
h [
.8(): "
B |
i
2B}
U‘ "
:;{‘n - ““'p/"'c
| | J
° 0 50 700
V, knots
G AIRCRAFT
- == - BASIC, H1
-
AUGMENTED, B11 -
& -
S~ — ~— 1
g o — =" | |
a ,
!
i
-6 ] L | | i
6 T
—~ T~
g /7 N -
< N
g ofe=—— B
°
-6 ] | ] | J
6 _ - G VO Semuy [ . ~
- S~ ~
/ ~
g | =~
| | )
g o —
v
-6 | | ] | J '
0 1 2 3 9 5 ‘
TIME, soc 3
i
Flgure 1o Decoupl lng SCAS for lingeless rotor hel feopter, Hi, !
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Figure 2.~ Feedback gains for articulated rotor helicopter to eliminate
pitch-roll coupling due to aircraft angular rate,
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~
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Figure 3.~ Feedback and feed-forward gains for teetering rotor helicopter. : "
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A 8CAS TYPE:
PECOUPLING— PITCH-ROLL DUE TO AIRCRAFT
PITCH X [x ol X . RATE;COLLECTIVE TO PITCH
AND vAw
Rl x b L I T RATE COMMAND- PITCH, ROLL, YAW
YAW X X
. emirps  om/em
;'(""[[f” "2";’" PITCH o o ROLL
o 3 b
:;N 8 b= ~ﬁn/q Y ¢
K:’Q \ 0034 6“/')
0~ 4t 10~ 3
% 2L .s‘,/.sop :3-' 2k 8‘,/6‘,”
« = 8,/p
8 /i
ol. ! | oL A |
0 50 106 0 60 100
V, knots V, knots
(a) SCAS control laws.
deg/sec
0 ar —
w ~ ’ AIRCRAFT
= N <
S N PR — ==~ BASIC
N -
< SNl AUGMENTED
g
-30 ] ] | | J k
o 1
: T~ - :
o T ~a ¥
z !
§ ;
-30 | | | ! |
30 r
S ‘L, ~ ~ 1
[+ o T y——
T / ~
8 // ~ N :
T ~
| 1 | |
0 1 2 3 4 b
TIME, sec
(M) Hesponse to 2. 54-cm (1.0-1n,) longitudinal st 1ok step at 60 knoty,
Flgure 4,- Rate~command SCAS for articulated potor heltcoptor,
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Figure 6.— Concluded.
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Figure 7.— The flight simulator for advanced aircraft.
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Figure 8.— Instrument

confipuration in simulator cab.
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PILOT RATING
o

PILOT RATING

@ REF. 1 (FIXED BASE)
M FSAA (FIXED BASE)

[1 FsA2 (MOVING BASE)
— PILOT A

| e
e EPTABLE
v/////////Ey/////////////////////////////////////////////////////////////////////// 7

(]
- ATISFACTORY O
///////////////////////////////////////////////////////////////////////////////////////////////
L | | |
PILOT B
-
- M ]
0] Q]
— o o], | UNACCEPTABLE ®
r/////////////////////////////,'///////////////////////////////////////////////////////////////,
- @ o
0]
— UNSATISFACTORY
Y

| | 1 |

H1 H2
TEETERING ARTICULATED HINGELESS

Figure 11.— Pilot rating comparison for four basie alrcraft from

two experiments,
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Figure 25.— Pilot C control usage (expressed in terms of rms swashplate displacerent).




